Introduction
Many aspects of Arctic Ocean history (among them changes in sea-ice cover, the location of grounded ice-sheets [Jones and K e i g win, 1988 ] , glacial-interglacia l shifts in bio tic productivity [Stein et al., 1993] , and the Arctic contribution to northern source deep water formation [Aagaard et al., 1985; Swift and Koltermann , 1988) ) are important for determining the role of the Arctic in glacial-interglacial climatic cycles. Yet progress in late Quaternary Arctic paleoceanography bas Table AI available on microfiche). dated and correlated to other regions based on paleomagnetic stratigraphy [Nowaczyk et al. , 1995] , accelerator mass spectrometer (AMS) dating and stable isotopes [Stein et al., 1993 [Stein et al., , 1994a , and nannofossil biostratigraphy [Gard, 1993) . These cores provide material for the present faunal and paleoceanographic study.
Ostracodes occur live throughout the Arctic Ocean and have potential as paleoceanographic tracers because they are common in Arctic sediments and many species arc ecologically sensitive and limited to particular oceanic conditions and benthic habitats. In a preliminary studies, Joy and Clark [1977) found ostracodes were common in the upper 3 em of core tops from the Canada Basin. Cronin et al. [1993 Cronin et al. [ , 1994 also found that ostracodes occur in Eurasian B asin core tops in water depths from the shelf to >4000 m and that distinct shelf, slope, and deep basin assemblages characterize Arctic Ocean water masses. However, prior ostracode studies lacked quality box core data from deepwater environments of the Canada Basin, and very little was known about deepwater assemblages from areas off Spitsbergen and in the Nordic {Gree nland and No rwe gi an) Seas.
Further, although preliminary downcore data revealed faunal changes during the last glacial to interglacial transition [Cronin et al., 1994) , sample spacing wa s no t adequate to reco ns tru ct paleoceanographic events of 1000 to 2000 years duration nor to determine which faunal events were Arctic-wide. The present paper overcomes these limitations through analyses of an extensive core top data set including material from the Arctic and Nordic Seas and the examination of centimeterspaced downcore samples dated where poss ible by AMS 14 C {AMS) dates and stable isotope stratigraphy.
Our f1tst goal was to map the modem core top distribution of dominant ostracode species in the major intermediate and deep water masses in the Arctic and Greenland/Norwegian Seas for use in paleoceanographic recons truction. To accomplish this, we expanded the Eurasian Basin core top database [Cronin et al., 1994] to include material obtained from inflowing Atlantic water ncar Spitzbergen (forming Arctic Intermediate Water), from tbe Norwegian and Greenland Seas (Greenland Sea deep water) and tbe Canada Basin (Canada Basin water) ( Figure  1 ). We specifically wished to determine if there were differences between benthic faunas inhabiting warm, relatively saline Arctic Ocean deep water that forms through freezing and brine rejection on Arctic shelves and those inhabiting cold Greenland Sea deep water formed thro ugh open ocean convective processes. We also wanted to establish the faunal compositio n of assembl ages that characterize Arctic Intermediate Water (AIW) (the Atlantic layer), to determine their affmities with extra-Arctic bathyal assemblages and which species indicate relatively warm water and/or high productivity.
By determining the modern faunaVwater mass associations in the Arctic, we could then address our second goal, to identify changes in the relative s trength of GSDW, AODW, and Atlantic Water in various parts of the Eurasian Basin during late Quaternary climatic changes. This entailed quantitative downcore faunal analyses of ostracode assemblages from cores dated by AMS-dating and stable isotope stratigraphy. We focused here on the faunal and oceanographic history during the last glacial period, the deglaciation of Termination 1, and the Ho locene.
Modern Arctic Oceanography and Sediments
Arctic Ocean ograp hy
The fo llowing brief summary of major Arctic and subarctic water masses is taken from several oceanographic sources for the Arctic Ocean [Aagaard, 1981 [Aagaard, , 1989 Aagaard et al., 1985; Anderson et al., 1994] , the Greenland Sea/Fram Strait [Rudels, 1989; Aagaard et al., 1991; Rudels and Quadfasel, 1991] , the Norwegian Sea [Swijt and Kolrermann, 1988] , and the Barents Sea [Loeng, 1991] . The distribution of water masses in the Arctic and Greenland Sea/Fram Strait regions and profiles of temperature and salinity are illustrated in Figure 2 . The Arctic Ocean is a well-stratified ocean characterized in the uppermost 50 m by a Polar Surface Water (PSW) (-2 to 0°C; <32 to 34 ppt): the main Arctic surface currents in this layer are the Transpolar Drift flowing from the Siberian shelf to the Fram Strait and the Beaufort Sea Gyre. PSW is underlain by a 100-mthick halocline [Aagaard, 1981 ; Rudels, 1986] which buffers the permanent ice cover from the underlying warm Arctic Intermediate Water (lower AIW = 0° to 2°C, 35 ppt; upper AIW = -1° to + 1 °C, 34.7 ppt). AIW bas its origin in the inflowing North Atlantic water which enters the Arc tic via the West Spitzbergen Current ( 100-600 m) where temperatures are as high as 2° to 3°C in its core and 2° to 6°C in the Norwegian Sea/Barents Sea area. This relatively warm saline water becomes slightly deeper and cooler (about 0.5°C) by the time it reaches the Canada Basin. High-salinity (35 .2 ppt) Mediterranean o utflow water may also be influential in the Greenland-Norwegian Seas where it mixes with North Atlantic water [Reid, 1979] and thus may contribute to deep water formed there. Several ostracode species inhabiting Arctic middepth environments are closely related and perhaps conspecific with Mediterranean species, indicating a faunal link between Arctic and Mediterranean bathyal babitats (see below).
At depths below about 800 m, Arctic Ocean deep water includes Eurasian Basin deep water (EBDW) (-0.6°C to -1.0°C, 34 .93 ppt), which bas similar temperature and salinity characteristics to deep Norwegian Sea water, and Canada B asin deep water (CBDW) (-0.3°C to -0.5°C, 34.95 ppt), wbich is slightly warmer and more saline. The Eurasian and Canada Basin deep waters are separated from each otber by the Lomonosov Ridge (<2000 m), a major barrier to deepwater exchange, whereas the Eurasian Basin is co nnec ted to Greenland Sea deep water (-1.2°C to -1.4°C, 34.90 ppt) by the deep (>2500 m) Fram Strait. Strong middepth boundary currents run counterclockwise around the Eurasian Basin between about 400 and 1000 m [Aagaard, 1989] . In the more isolated Canada Basin, bo undary currents al so run counterclockwise but are weaker and shallower.
AODW contributes to northern source deepwater formation by mixing with cold fresh Greenland Sea deep water after exiting through the Fram Strait [Aagaard et al., 1985; Aagaard, 1989; Aagaard et al., 199 1; Rude ls, 1989; Rudels and Quadfasel , 1991] . In turn, GSDW is a component of Norwegian Sea water which spills over to form a major part of Nortb Atlantic deep water (NADW).
It is important to emphasize the distinction between Arctic Ocean deep water formed mainly through freezing and brine rejection on Arctic shelves versus open ocean deepwater formation in the Greenland Sea. The warmer, more saline deep water originating on Arctic shelves and sinking through gravitational plumes is also an important source of water in the Greenland Sea. Aagaard et al. [1991] refer to this middeptb salinity maximum as Type l which occurs as Arctic Ocean outflow about 1200 to 2000 m water depth in the western Fram Strait Anderson et al. [1994] traced this water mass leaving the Canada Basin across the southern Lomonosov Ridge, crossing the Morris Jesup Rise and exiting the Arctic in the western Fram Strait as a boundary current along the Greenland Slope. In this way, exported deep water from the Arctic contributes to the overall budget of northern source deep water. Below we will present evidence that Arctic Ocean deep water bas a characteristic ostracode fauna and that its influence in the Eurasian Basin may have varied during the late Quaternary.
Arctic Surface Sediments
The carbonate content of Arctic Ocean surface sediments is relatively low (<10%), although on the Yermak Plateau, Gak.kel Ridge, and eastern Lomonosov Ridge, it can reach 10-20% and on the Morris Jesup Rise about 30% [Stein et al., 1994c] . Total organic carbon in surface sediments is relatively high (0.5-2%) compared to open-ocean marine sediments, mainly due to the greater supply of terriginous input. In areas of reduced sea ice, such as northwest of Svalbard, there is increased preservation of marine organic material due to increased surface productivity [Pagels, 1991] . Arctic sediments also contain abundant benthic and planktonic foraminifera, os tracodes, molluscs, and other organisms, which are not significantly affected by dissolution above the lysocline near 4700 m [Pagels, 1991] .
Material and Methods

Core Top Samples
In order to obtain as complete coverage of all major deep and intermediate depth water masses as possible, the core top database includes the 40 core tops from box cores from the 1991 Polarstern cruise and an additional 71 core tops from Polarste rn and Meteor cruises to the Greenland/Norwegian Seas, the 1992 cruise of the Polarstar to the Nortbwind Ridge (provided by R. Z. Poore, U.S. Geological Survey (USGS)), and ice island core tops from the Mendeleyev and Lomonosov Ridge (provided by Leonid Polyak, Ohio State University), for a total of 111 stations (Figure 1, appendix Appendices 2-4 contain core top and downcore species census data and modem analog technique analyses (see below). All appendices are available electronically through the National Geophysical Database Center (NGDC), Boulder, Colorado (at paleo@mail.ngdc.noaa.gov) and the USGS Global Change program.
Ideally, core top assemblages should represent a near life assemb lage with minimal temporal or spatial mixing. Therefore we studied material only from the upper 0-1 em of box cores and multicores.
In tbe Eurasian Basi n, sedimentation rates vary but are generally about 0 .5-3 cm/1000 yr [Gard, 1993; Srein er al., 1993) . Thus most core top assemblages from the uppermost centimeter represent a time interval of less than I 000 to 2000 years. Low sedimentation rates (1-5 mm/1000 yr) in parts of the Canada Basin [Scorr er al., 1989; Poore er al., 1993) mean that core tops fro m those regions may have experienced a greater degree of temporal mixing so we did not include ostracode data from tbe top 3 em of Canada Basin ice island cores [Joy and Clark, 1971; Jones er al., 1994) .
In general, Polarsrern core top samples from the 1991 cruise contained in situ ostracode assemblages showing litUe evidence of temporal or spatial mixing. Ice-rafted specimens of shelf species were very rare in only a few core tops [Cronin er al., 1994) . Furthermore, multicore surface samples from the same sites as Polarsrern box core samples were located sometimes yielded ostracodes with appendages preserved, demonstrating a species Jived in a particular benthic habitat. (Appendages and soft parts have also been observed in most core tops from the 1993 Polarsrem cruise to the Barents and Laptev Seas (T.M. Cronin, unpublished data, 1994) .
Core Selection and Downcore Faunal Analyses
We analyzed ostracodes from eight multicores and five box cores that represent the major ridges and basins in the Eurasian Basin (Lomonosov and Gakkel Ridges, Yermak Plateau, Morris Jesup Rise and Amundsen, Nansen, and Makarov Basins) to reconstruct the late Qu aternary faunal and paleoceanographic history of the deep and middepth Arctic Ocean ( Figure 1 , Table 1 ). These cores were selected because they are located on topographic highs away from the influence of turbidites, they had isotope stratigraphy, and in some cases AMS radiocarbon dates. Because bioturbation and burrowing are common in brown muds blanketing the Arctic floor and can disturb sediments as much as 2 to 36 em in the deep basins [Farrerer, 1992; Phillips, 1994] , we examined faunal sequences from both the box core and the multicore obtained from the same site (i.e., sites PS2179 and PS2185, Table 1) or from two multico res from nearby sites ( PS2200/PS2202 and PS2163/PS2206, Table 1 ). In doing so, we were able to establish the reproducibility of faunal patterns within a region, which we would not expect to see if bioturbation bas significantly altered the original sequence of faunal assemblages. We also studied a transect of five box cores and two multicores across !he Lomonosov Ridge between about Appendix Tables A1 -A4 are available on microfiche. Order from the American Geophysical Union, 2000 Florida Avenue, N.W., Washington, DC 20009. Document P94-002; $2.50. Payment must accompany order. 1000 and 2000 m water deplh to more fumly establish the faunal sequence in the central Arctic Ocean.
AMS dates are available from three multicores (PS2163-2, PS2170-4, and PS2206) [Stein et al., 1994b] and carbon and oxygen stable isotope stratigraphic data for all cores [Stein el al., 1993 [Stein el al., , 1994a . Paleomagnetics [Nowaczyk et al., 1995] , and nannofossil biostratigraphy [Gard, 1993] also provide age control (see below).
Ostracode Taxonomy
We followed the taxonomy of WluJtley and Coles [1987) and Whalley and Eynon [1995) wilh slight modifications mentioned by Cronin et al. [1994) . The genus Polycope, which has about eight or nine species in !he Arctic Ocean, was not separated into species, however !he abundance of !his genus coincides with organic-rich sediment, inferred highproductivity characteristic of interglacial periods in !he Arctic (see below). Acetabulastoma arcticum Schomikov is a species that lives as a parasite on amphipods which live in !he Arctic Ocean at !he sea-ice/water interface. This species was referred to as Paradoxostoma rostrarum Sars by Baker and Wong [1968) .
Results
Modern Ostracode Species and Water Masses
We identified 22 key ostracode taxa (Table 2) Figure 1 ). These data provide first approximations of the geographic and balhymetric distribution of ostracode species and their association wilh Arctic and Greenland/Norwegian Sea water masses. Before proceeding, a few caveats about the use of ostracodes for paleoceanography and reconstructing water mass history are required. In contrast to their use in continental shelf environments, !he application of ostracode species to reconstruct deep-sea environments is still developing. Although !he species distributions shown in Figures 3-6 illustrate clear associations between species and distinct water masses, the actual factors responsible for limiting lhese species' distributions are not always clear. In general, we assume, in lieu of experimental data, !hat one or more characteristics of a particular water mass such as temperature, dissolved oxygen, nutrients, etc. are responsible for !he species assemblage found in !hat environment [Dingle el al., 1990) . In some cases we have good evidence from several areas which environmental parameter leads to !he dominance of a particular species, such as !he association of Henryhowella asperrima wilh high levels of dissolved oxygen. The significance of Acetabulasroma arcticum as an indicator of sea-ice also seems reasonable in light of available evidence, although there are also shallow water species of Acetabulastoma with completely different ecology [Schornikov, 1970] . As additional ecological data become available, !he usefulness of various species for estimating past [1992] for core information; Stein et al. [1994a] for stable isotope and AMS data. WO, Water Depth (meters}, Sampling, Sampling interval (em). environments will improve. A second assumption is that the ecology of a particular species does not change much with time. Because we are concerned here with the last 20,000 years or so, this assumption does not pose a problem.
Arctic Intermediate Water-Nortb Atlantic Water. Several ostracode species serve as indicators for this middepth water mass characterized by relatively high temperatures (~0C} and high salinity. Cytheropteron testudo, Cytheropteron cronini, Cytheropteron pseudoinflatum, and Eucytherura delineata reach their highest proportions in this layer in the Fram Strait and Arctic Ocean (Figures 3 and 4 ). C. testudo, the well-known "cold guest" in the Mediterranean that has been used as a marker for the Pliocene/Pleistocene boundary [see Bonaduce and Sprovieri, 1984] , is particularly important as it reaches 4-8% in the eastern Fram Strait near 1000 m at the entrance to the Arctic and 8-12% in the western Fram Strait near 2000 m. In the Eurasian Basin, it is common at less than 1200 m, and it is notably rare in the Canada Basin. This species (or closely related forms) occur in many of the world's oceans at bathyal depths. Eucytherura delineata is another important middepth species that is most common in core Lops from near Spitzbergen, in very low percentages on the Lomonosov Ridge, but is absent in the Canada Basin core tops. Pedicythere neofluitans ( Figure 6 ) characterizes Upper Arctic Ocean deep water but is not a major component of lower AODW or CBDW.
The occurrence of these species in downcore samples signifies strong inflow of North Atlantic water into the Arctic.
Several middepth taxa have obvious taxonomic affinities to Mediterranean bathyal ostracode assemblages. These include Eucytherura delineata, Pedicythere neofluitans, Cytheropteron testudo, Nannocythere delicata, and several species of Polycope [Joy and Clark, 1977) . Nannocythere delicata (Figure 3 ) requires additional taxonomic study; however, it resembles species of the genus Rectobuntonia in the Mediterranean. Bathyal environments along the Iceland-Faroes Rise and the Norwegian Sea presumably provided a migration route for these species, but the timing of their first appearance in Arctic regions is not yet known.
Greenland Sea Deep Water-Eurasian Basin Deep
Water. Several species inhabit deep Greenland Sea water and apparently disperse easily through the Fram Strait into the Eurasian Basin. Krithe cf. pernoides is one of the dominant deep Arctic ostracodes, reaching proportions >50% in lower Arctic and Greenland Sea deep water ( Figure 5 ). Eucythere sp. occurs exclusively in deep GSDW core tops. The occurrence of Eucythere and Krithe cf. pernoides in glacial-age sediments from middepths in the central Arctic Ocean suggests a shift in the influence of GSDW from the deep basins of the central Arctic during interglacials to the intermediate depths during glacials (see below). Cytheropteron alatum is also a typical deep Greenland Sea species that occurs in moderate amounts in the Eurasian Basin deep water ( Figure 5 ), but the Lomonosov Ridge seems to act as a barrier limiting its widespread dispersal in the Makarov Basin. Henryhowella asperrima is a cosmopolitan species living in high percentages in the world's oceans below the thermocline and oxygen minimum layer in cold, well-ventilated water [Dingle et al., 1990; Cronin, 1983) . In Arctic core top samples it predominates in upper GSDW (2100-2800 m) and upper CBDW (Figure 4 ). The sample PS 1736 from 3500 m in the Greenland Sea represents a typical assemblage of Eucythere sp., K. cf. pernoides, C. alarum, and Henryhowella asperrima. Krithe minima also reaches high proportions in the lower Greenland Sea deep water and the deep Eurasian Basin.
Arctic Ocean Deep Water and Sea-Ice Indicators. Cytheropteron bronwynae is the only common deep ostracode species endemic to the Arctic, and it is typically abundant in lower AODW ( Figure 6 ). It occurs on both sides of the Lomonosov Ridge but does not occur in the Greenland Sea. Cytheropteron carolinae is also a dominant lower AODW species thal inhabits the deep Greenland Sea ( Figure 5 ) as well as the deep North Atlantic.
In upper AODW near the transition with AIW, Acetabulastoma arcticum, Polycope spp. (Figure 6 ), and Pseudocythere caudata (Figure 4 and Polycope spp. are especially rare in core tops from along the margins of the Arctic. The genus Acetabu/astoma represents a special ecological situation in that most of its species are parasitic on Amphipoda [Baker and Wong, 1968; Schornilcov, 1970; Whalley, 1982] . In the central Arctic Ocean, this fact has special paleoceanographic significance because A . arcticum, the species commonly found in our material, has been described living as a parasite on two amphipods (Gammarus willcitzlcii and Gammaracanthus loricatus) which inhabit the ice-water margin below sea ice in the central Arctic at the Fletcher Island T-3 Ice island [Barnard, 1959; Baker and Wong, 1968] . Its occurrence in significant numbers (2-12%) in the uppermost few centimeters representing in Arctic cores is postulated to signify the presence of surface sea-ice conditions (see below). It is not yet clear why this species is absent below 3000-m water depth. unless its shell is more susceptible to dissolution that other taxa.
Polycope also has a distinct morphology and ecology; it is is often associated with fine-grained. organic-rich sediment in the Mediterranean and also in the Arctic where it comprises more than 30%, sometimes more than 50%, of assemblages near 1000-1500 m on the Lomonosov Ridge and Morris Jesup Rise ( Figure 6 ). This genus becomes progressively less common in deeper water. Its dominance at the boundary of uppermost AODW and AIW makes it a useful indicator of the relative strength of Allantic in the Arctic near the AODW/AIW boundary.
Pseudocythere caudata characterizes lower Atlantic water, upper Greenland Sea deep water and Arctic Intermediate water but does not occur in the deepest basins nor in the Canada Basin. It occurs commonly in greatest proportions with Acetabulastoma arcticum and Polycope spp. We interpret the core top patterns to indicate that P. caudata prefers Arctic environments where cold, saline water produced on shelves of the Eurasian Basin spills on' to the slopes where it mixes with inflowing Atlantic water. Cytheropteron carolinae and C . alatum also occur frequently in these environments. These distinct upper AODW assemblages are generally limited to the Eurasian Basin.
Upper Canada Basin Deep Water. Cytheropteron hamatum reaches its greatest proportions on the Canada Basin side of the Lomonosov Ridge and comprises more than 10% of assemblages in the western Fram Strait along the Greenland Cronin, unpublished data, 1994) . High percentages of C. hamatum in downcore assemblages from the Lomonosov Ridge therefore suggest increased strength of boundary currents and Canada Basin water following Termination 1.
Late Quaternary Paleoceanography
Arctic glacial / Interglacial sedimentatio n. Sedimentological changes occur in the Arctic during glacialinterglacial climatic transitions that have significance for interpreting ocean and sea-ice history. In general, turbidites characterize sedimentation in the deep Arctic Basins, whereas on ridges and plateaus, biogenic sediments predominate during interglacial periods and ice-rafted debris (IRD) during glacial periods [Fiillerer, 1992; Phillips, 1994 al., 1993] , and the Lomonosov and Gak.kel Ridges in the central and Eurasian Arctic [Stein et al., 1993] are charac terized by alternations of microfossil-rich and microfossil-poor sediments representing interglacial and glacial periods respectively. These cycles may represent 100kyr eccentnclly cycles, although additional chronostratigraphic work is required for some sites. North of the Fram Strait, on the Morris Jesup Rise and Yerrnak Plateau in the eastern Arctic [Stein et al., 1993; C. Vogt et al., manuscript in preparation, 1995] , glacial periods also have enhanced terriginous input via IRD; interglacial have lower temgmous input, higher amounts of biogenic sediment consisting of planktonic foraminifers, coccoliths and ostracodes. Calcareous nannofossils [Gard, 1988; Gard and Backman, 1990] , high l»Jn and 1 0Se values [Eisenhauer et al., 1994] , ostracode faunal data [Cronin et al., 1994] , and sedimentologic evidence [C. Vogt et al., manuscript in preparation, 1995] indicate higher sea-surface biologic productivity during the interglacial parts of 100-kyr climatic cycles in this region. Thus, it is generally clear that over longer time periods, the relative abundance of planktonic and benthic calcareous microfossils in the central Arctic Ocean and along some Arctic margins decreased during glacial periods due to influx of ice-rafted siliciclastic material, decreased biologic productivity, and other factors [Stein et al., 1993 [Stein et al., , 1994b .
The Arctic record of the last glacial-deglacial cycle reflects a similar pattern. Typically, the uppermost 5-15 em of the Polarstern multicores consists of sediment that is a brown clay with rare calcareous nannofossils and a coarse fraction consisting of planktonic and benthic foraminifers, ostracodes, sponge spicules, and other biogenic material [Futterer, 1992; Stein et al., 1993] . Ostracodes were common in these intervals, reaching 400 to 1000 individuals/30 g on the Lomonosov Ridge and 80-250 individuals/30 g in the deep Amundsen and Makarov Basins (Figure 7) . Preservation in the upper 5-15 em is usually excellent. valves range from translucent to opaque white; fragile juvenile specimens are common and well-preserved. Oxygen isotope stage 2/1 boundary from Stein et al. [1994a] (alternative placement of the boundary in core PS2185-4 shown by dashed line) . See Table 3 for summary of zones and text for discussion.
Below the biogenic-rich sediment, one usually fmds 20-30 em of olive-grey clay or silty clay with no calcareous nannofossils [Gard, 1993] and minor amounts of other biogenic material. Sediment is dominated by siliciclastic material most likely transported as IRD. Ostracodes are usually absent to rare in the lowermost 10-20 em of the multicores ("'20-40 em core depth} and increase in abundance up core. This increase is usually rapid occurring over only a 1-2 em interval in central Arctic cores from the Lomonosov and Oak.kel Ridges (i.e., Figure 7, PS2185-4 ). The first taxa to appear in the transition from siliciclastic to biogenic sediment at middepths on the Arctic ridges (Lomonosov Ridge cores PS2179-3 and PS2185-4; Gille! Ridge core PS21632, PS2206) are Krithe, Henryhowella, and Eu cythere. We interpret these assemblages as representing the end of glacial isotope stage 2 because these taxa are characteristic of modem cold, low nutrient habitats such as the Greenland Sea at depths below 2500 m, not the modem environments at these sites on Arctic ridges. This interpretation is supported by the AMS dates of 14,490 yearrs B.P. and 15,710 years B.P. for glacialage sediments from cores PS2163 and PS2170 [Stein et al., 1994b, Figure 7] and isotope stratigraphy for all cores [Stein et al., 1994a] .
Because late glacial assemblages occur in relatively low numbers in some cores, paleoceanographic inferences based on them require caution. It is possible that at some times during the last glacial, certain areas of the Arctic had minimal biotic activity, as suggested by Jones et al. [1 994] . Nonetheless, the presence of Krithe, Henryhowella, and Eucythue and the absence of typical intermediate depth taxa in cores from various ridges and plateaus indicate that benthic faunas and environments were unlike modem interglacial assemblages from these depths (see discussion).
Ostracode faunal zones. Table 3 lists the 15 ostracode zones shown stratigraphically in Figure 8 . Each ostracode zone is based on the percentages of key species in multicores PS2185-4 and PS2179-3, calculated from the species census data in Table A3 on microfiche and plotted in Figures 9-12 . The proportions of indicator species in five box cores from either side of the Lomonosov Ridge are also plotted ( Figure  13 , box cores PS2185-3 and PS2179-1 are the same sites as the multicores in Figure 9a and 9b) , showing the position of nine zones. Each zone is an informal acme zone, representing a brief interval when a certain species reached maximum percentages in the total a ssemblage and having paleoceanographic significance.
For example, the Acttabulastoma Maximum (the AM zone) represents the uppermost 2-3 em in most cores where Acetabulastoma reaches maximum percentages of 6-8%, signifying the evolution of PS2163-l, 3040 m), we can identify the major zones KMl , HM, PM, KM2, and AM, but the depth of this core (3000 m) is near the lower depth limit for using this zonation. Sedimentation rates of 1-2 cm/1000 yr and limited AMS dates also limits the use of these zones to millennial-scale late Quaternary paleoceanographic events.
On the Morris Jesup Rise, where there is a lower net sedimentation rate, and which is in the path of outflowing Canada Basin water, two cores (Table 3; Despite these limitations, these zones are useful for correlating late Quaternary sediments from the central Arctic Ocean from intermediate depth environments on ridges and plateaus. Furthermore, these late Quaternary ostracode faunal changes (indeed, there is essentially complete faunal turnover from the last glacial through Termination 1 at all water depths) indicate major oceanographic change during the last 16,000 years. This inference is substantiated by the relationship between faunal and stable isotopic patterns, shown for four cores in Figure 14 . For example, relatively high proportions of Krilhe in intermediate depth cores (PS2185-3, PS2179-l, PS2163-2) are associated with high ~1 3 C values; high proportions of Polycope correspond to low ~1 3 C values. The Cytheropteron hamatum spike in PS2185-3 and PS2179-l corresponds with the mid-Holocene rise in ~1 3 C. In the deep Amundsen Basin core PS2170-l, a rise in Krithe and a decrease in Cytheropteron corresponds with lighter ~1 1 0 values.
In order to quantitatively evaluate the meaning of these faunal changes, we carried out faunal analyses using the Table 3 for summary of zones and text for discussion.
modem analog technique and the squared chord distance dissimilarity coefficient [Overpeck et al., 1985] in order to identify the nearest modem analog environments for fossil assemblages. This method compares ostracode assemblages in downcore samples with all 111 modern core top assemblages on the basis of the relative proportions of 22 key species [Cronin et al., 1994] . Table A4 (on microfiche) gives the results in listing the five nearest modem analog core tops for each downcore multicore sample. On the basis of these results and the ecological data on the key ostracode species characterizing each zone, we produced hypothetical reconstructions of the Arctic ocean during the last glacial, deglaciation and Holocene (Figure 15 ) which are discussed in the following section.
Discussion
The paleoceanographic interpretation here relies on the age-model summarized above and presented in Gard [1993] , Stein et al. [1993 Stein et al. [ , 1994a , Nowaczyk et al. [1995] , and papers cited the. rein. The KM and HM zones signify at least part of the last glacial period when distinct low-abundance, lowdiversity assemblages characteristic of cold, low nutrient deep water inhabited intermediate depths in the central Arctic. In apparent conflict with the interpretation of the age of the KM and HM zones, Jonu et al. [1994] postulated that the central Arctic Ocean may have been abiotic during the period encompassing the last glacial, from about 30,000 to 13,000 years. While Arctic biogenic sediment production and surface productivity were reduced during glacials and perhaps absent in some regions, there is evidence for surface and benthic biotic activity in some regions. For example, the reservoir-corrected planktonic foraminiferal AMS dates of 14,490 year B.P. +/-140 yr, and 17,500 year B.P.+/-340 from the Gakkel Ridge and 15,710 year B.P.+/-180 from the Amundsen Basin [Stein et al., 1994b] indicate planktonic foraminifers lived near the time of the last glacial maximum. Moreover, isotope curves from the planktonic foraminifer N. pachyderma indicate that stages 2/1 transition can be identified in many cores [Stein et al., 1994b] , suggesting that some planklonic forami nifers occurred in prestage 1 glacial age material. At some sites (i .e~ PS2178, PS2200, PS2202), ostracodes occur throughout the entire cored interval which most likely includes some glacialage material. Biotic productivity even during glacial periods might be expected in ice marginal areas such as the Morris Jesup Rise (PS2200, PS2202). In central Arctic cores, glacial age ostracodes are rare (i.e., PS2185-4, Figure 7 ), but if our interpretation of the Krithellienryhowella assemblage as a glacial assemblage is correct, then these assemblages represent at least the final part of the last glacial period. Table 3 ); oxygen isotope stage 2/1 boundary indicated at right. Stein et al., 1994a] .
2000 m, perhaps as deep as 3000 m) in the Central Arctic Ocean was cold, low salinity, and well oxygenated, similar to modem deep Greenland Sea Water, which is about 1 °C colder than modem middepth central Arctic Ocean water (Figure 15 , top). The absence or low abundance of Polycope and the dominance of Krithe also suggest that during the last glacial period AIW was relatively poor in nutrients. These interpretations support the hypothesis of Veum el al. [1992] that GSDW is at least partially responsible for nutrientdepleted intermediate waters in the Atlantic [Boyle and Keigwin, 1987; Boyle, 1988; Oppo and Fairbanks, 1987; Slowey and Curry, 1992] . The deep Greenland Sea analog for the glacial-age middepth central Arctic indicates an absence of warm, high-salinity Atlantic water in the Arctic at that Lime. Table 2 ); AMS dates to the left and oxygen isotope stage 2/l boundary indicated at right [from Stein et al., 1994a, b] .
In contrast to the middepth Arctic, deep Eurasian Basin water (>3000 m) during the last glacial had a distinct Cytheropteron-dominated assemblage which indicates that this region was influenced more by deep water formed within the Arctic Ocean (AODW, Figure 15 ) than by Greenland Sea deep water. Although the nature of deepwater exchange through the Fram Strait is not known, greater AODW formation during the last glacial is supported by Veum eJ al. [1992] , who postulated a greater ratio of AODW formation compared to GSDW formation for glacial periods based on studies of the late Quaternary isotope record of the Norwegian Sea.
Faunal changes in the Arctic during earliest deglaciation and Termination 1 were complex and their paleoceanographic significance is not yet completely understood. There is as yet no clear faunal signal coinciding with the strong meltwater spi.lc:e recorded in the isotopic record from the eastern Arctic near 15,700 years B.P. [Stein et al., 1994a ] that pre-dated the global ice volume events between 13,500-9,000 years B.P. [Fairbanks, 1989] . Nonetheless, the Polarstern data indicate that deglaciation and Termination 1 in middepth Arctic Ocean environments saw a nearly complete faunal turnover that corresponds with higher biogenic content in sediments and probably increased nutrients in benthic habitats. The rapid increase in proportions of Polycope and corresponding decrease in Krithe exemplifies the strong contrast between glacial and deglacial environments. We postulate that this change is due to a stronger flow of Atlantic water causing increased sea surface productivity and perhaps reduced sea ice, an interpretation consistent with data for warm water inflow from the West Spitzbergen Current [Lehman and Forman, 1992] . The proportions of Polycope during deglaciation were even greater than those today, which suggests inflowing North Atlantic water was stronger and perhaps sea-ice cover was less than it is in the modem central Arctic Ocean (Figures 9 and  14) .
The two-step nature of deglaciation recognized in sea level [Fairbanks, 1989] , oceanic records [Broecker et al., 1985] , and Stein et al., 1994a] , AMS dates at left [from Stein et al., 1994b) . glacial and nearshore marine records [Lehman and Forman, 1992] is a problem in the Arctic Ocean because low sedimentation rates make the identification of this 800·1,000 year event difficult. Nonetheless, there are clear faunal changes throughout the interv a) estimated to include Termination 1 (•13,500-9,000 years B.P., ATLM, PM, PSM, BYM, CBRM2 zones, Table 3 ). In fact, the ostracode assemblages indicate that distinct oceanographic conditions characterized early and late phases of Termination 1. For example, in intermediate depth cores of the Lomonosov Ridge, faunas of early Termination 1 had greater proportions of North Atlantic species (including Pseudocythere caudata) than did those in the later part, which had more Canada Basin species (mainly Cytheropteron species). One explanation for these faunal changes may be the greater mellwater discharge and North Atlantic inflow during early Termination 1, which theoretically might lower salinities in the polar surface water, upset the halocline, and decrease brine formation [Aagaard and Carmack, 1989 ]. There is no faunal evidence during Termination 1 for a cessation of strong North Atlantic water influence in cores at 1000-1200 m water depth in the central Arctic nor evidence for greater GSDW influence at intermediate depths, such as occurred during the last glacial.
The dominance of Polycope throughout Termination 1 (Figures 9  and 14) indicates continual influence of warm inflowing Atlantic water at middeplhs, as found by Jansen and Veum [1990] for the Norwegian Sea.
The Holocene record of the deep and intermediate depth Arctic shows that large faunal and oceanic changes occurred on a scale almost as great as those of the glaciaJ.deglacial transition. The end of the deglaciation is marked by the abrupt faunal change when increases in Krithe, l/enryhowella and C. alatum signify a brief period of weaker Atlantic water and stronger GS water at middepths in the Central Arctic ( Figure  15 ). There is also a corresponding decrease in Polycope at this time. This period overlaps the Cytheropteron hamatum zone about 7000-6000 years B.P. this species reaches up to 20-25% in assemblages throughout a wide area in the Central Arctic Ocean, including the central Lomonosov Ridge (Figure  9 ) and possibly the Gakkel Ridge. The C. hamatum peak . Plot of key ostracode species and location of major ostracode zones from 5 Lomonosov Ridge box cores; compare to multicores from same site, Figure 9 (modified from Cronin et al., (1994] Ridge (Figures 9 and 13 ), Morris Jesup Rise (Figure 10) , Gakkel Ridge and Yermalc Plateau (Figure 11 ) is interpreted to signify the evolution of extensive perennial sea ice during the last 4000-5000 years. The modem depth-stratified benthic assemblage structure of the modem Arctic evolved during the last few thousand years. The most notable oceanographic indicator for this period is Acetabulastoma arcticum, whose widespread increase in the uppermost 5-8 centimeters of cores from the Lomonosov
In conclusion, although we are only beginning to understand the late Quaternary oceanographic history of the Arctic Ocean, the faunal data presented above provide convincing evidence that complex changes in Arctic benthic environments occurred during the last deglaciatiation and the Holocene. Further, the modern ecology of key species, especially their association with Arctic water masses, suggests these changes were likely due to changes in the location and strength of deepwater formation and the strength of inflowing Atlantic water. More generally, these results emphasize the value of biologic tracers to identify rapid changes in deep ocean circulation that may be especially useful when the isotopic record is complicated by meltwater salinity anomalies, changes in water temperature, and global ice volume changes. It will be especially important in future studies to examine the relationship between faunal indicators and other benthic proxy records such as stable isotopes, to obtain higher sedimentation rate records, and to improve our understanding of species' ecology.
